A method for objectively analyzing the geopotential height field on a constant pressure surface using reported upper-air data is described. Special attention is given to the analysis in data sparse regions, in particular, the Tropics. Wind-height relationships are used to augment the reported data by extrapolation of the reported height values into the data voids. The augmented data are used in a least-squares process t o generate a polynomial surface which is used as the initial guess in an iterative-correction routine. The resultant objective analysis is comparable to the subjective analysis produced by an experienced analyst. Comparative examples are presented in which the region of analysis encompasses the Caribbean Sea, Gulf of Mexico, and adjacent areas.
INTRODUCTION
The introduction of the high speed electronic computer and its subsequent use in routine numerical weather prediction (1) made it necessary to produce quickly accurate meteorological analyses of reported data as input to machine forecast programs, and (2) pointed to a possible solution of this problem through the use of the computer as the tool for objectively producing the required analyses in a fraction of the time required by conventional methods.
The initial investigation into objective analysis of meteorological parameters was performed by Panofsky [8] . He attempted to reproduce upper-level wind patterns and contour fields by least squares fitting of bivariate polynomials (of degree 3) to observations in localized areas. Wind reports were used as a constraint on the contour alignment and spacing.
Gilchrist and Cressman [5] also used polynomialx,fitting, but the fit was restricted t o a small area surrounding each grid point. An interpolation polynomial of degree 2 was generated for each point. During an initial scan, these .polynomials were dependent only on the data reports. Subsequent scans, which were necessary to fill in data voids, utilized previously interpolated grid values.
A method which does not rely on interpolation t o obtain grid point values was developed by Bergth6rsson and DOOs [2] . This method is essentially the basis of all the so-called "correction" methods which have since been developed. A preliminary (guess) field, which may be the weighted sum of forecast and normal values, is initially specified at the mesh points. The guess values are used in conjunction with the observations to compute a first estimate of the grid-point values. Reported wind data are used under the geostrophic assumption to extrapolate a second estimate of the grid values; the gradient of the guess field about the grid point is used along with reported data to obtain a third estimate. The forecast and normal fields are then combined in a weighted sum with the three derived fields to obtain a final array of grid values. The weights are obtained statistically, and are a function of time, position, and distance from station t o grid point.
The correction method was further developed by Cress-
. A first guess of the field to be analyzed is specified at the mesh points. I n a series of scans over the grid, grid-point values are modified by a weighted mean of corrections based on reported data falling within a specified distance N from each grid point. The value of N is decreased with successive scans; the resulting field of the latest scan is taken as the new approximation. To eliminate discontinuities in the derived patterns, a smoothing function is applied t o the grid values between the final correction scans. Two recent investigations were concerned primarily with the analysis of data from tropical regions. Yanai [lo] , using a method basically the same as Cressman's, developed an analysis scheme for surface parameters and upper-level winds for the relatively data-sparse Caribbean region. Bedient and Vederman [l] , employing similar techniques, analyzed the upper-air wind field for several levels over the tropical Pacific Ocean areas.
This report describes an objective analysis technique for the geopotential height fields on constant pressure surfaces. The primary concern here is the treatment of areas of sparse data coverage; the particular area of interest is the Caribbean Sea and adjacent subtropical regions.
METHOD OF ANALYSIS
The region of analysis considered in this report is shown by figure 1. Stations are concentrated on a line oriented NW-SE with the largest concentration on the mainland of the southeastern United States. The average distance between stations off the mainland is quite large. This is a typical feature of station dis-MONTHLY WEATHER REVIEW Vol. 94 fig. 1 ) report on a regular basis; therefore, at one observation time, the available data sample can be quite small. A grid spacing of 3 O longitude (at 22.5' latitude on a Mercator projection, true at 22.5' latitude) was chosen so that synoptic scale features would be adequately resolved in the objective analysis. The procedure currently in use evolved through a series of experiments which are described below. Because of computer limitations the original area of interest ( fig. 2) was smaller than that shown by figure 1.
The distribution of stations suggested that a "correction" technique would probably not work adeobtain a guess field, a polynomial surface was fitted to the reported isobaric heights. The polynomial had to be of sufficiently high degree that the number of maxima and minima of the surface would be at least equal to the number of significant Highs and Lows which could ~ I quately without a good initial guess. Therefore, to be present in the height pattern.' Polynomials of degree 1, 2, and 3 are limited in this respect; hence, as a first attempt, a polynomial of degree 4 in the transformed space coordinates x ( = latitude) and y (= longitude) was fitted by least-squares to the observed heights.
The quantity minimized in the process was where S is the number of height observations hk 1 In order to avoid unrealistic analyses resulting from gross errors in the reported data, a machine program was coded which aids 61 eliminating obvious errom in the data reports. The program has built-in data validity cbecks which diagnose probable errors and allow for data correction. Oeopotential heights are recomputed and wind and height data are presented at 50-mb. levels in the vertical, starting at 1000 mb. Upperair wind reports (pibal, etc.) can be merged with the radiosonde report to give a more comprehensive wind sounding. As an initial test of the effectiveness of the fitting process, a polynomial surface of degree 4 was fitted to the latitude and longitude of 30 stations. The derived surfaces showed some departures from true latitude and longitude in the data-sparse regions (fig. 3) ;but,in general, the polynoniial surfaces reproduced the grid and station latitudes and longitudes remarkably well (table 1) . This result was anticipated in view of the simple behavior of the variables. 2 Surfaces fitted to the observed height data were not as satisfactory. The lack of data in the southwestern and northeastern areas of the grid resulted in analyses which were meteorologically unreasonable (figs. 4a, 4b). In order to constrain the surfaces in these regions, sets of control" data were added t o the reported heights. These data were either climatological or forecast height values for selected points in the area of analysis. The points were located (see fig. 2 ) such that data voids would be partially filled and a height gradient normal t o the boundary would be prescribed. The resulting analyses were meteorologically acceptable in a gross sense ( fig. 4c ).
After examination of the height data for a large number of synoptic time periods, it was evident that even though hydrostatically consis tent heights were obtained by in tegration of the radiosonde data, certain stations consistently had height values which were not compatible with the height and wind fields specified by the data from surrounding stations. The height data for stations on the Florida Peninsula illustrate this rather clearly. Hodge and Harmantas [e] have shown that radiosonde sensing instruments of different manufacture give results which differ significantly in the upper levels of the troposphere. Systematic incompatibility of height data for contiguous stations could therefore result from the use of different sensing equipment, which is the case with the U.S.
Weather Bureau and the military weather services. Also, a systematic error can be introduced by the use of nonstandard operational procedures. In order to eliminate
When an orthogonal grid is overlaid on a Mercator projection the grid longitude is given by alinear function of longitude and the grid latitude can be approximated reasonably well by a quadratic function of latitude. Hence, an interpolation surface can be derived with a small number of data points. FIGURE 2.-The initial 11 X 14 object,ive analysis grid with the BUXiliary data points ("control" points). The circled crossed points comprise the basic set of contrd points; the crossed points are additional control points.
gross horizontal deviations in the height data, a horizontal smoothing routine similar to that of Endlich and Mancuso
[4] is used preliminary to the least-squares fitting process. The smoothing is basically a correction scheme. Only stations having a wind report are used in the smoothing; for each of these stations an adjusted height is computed based on the height and wind data of nearby stations.
Let H , denote the height at the ith station which lies within a circle of radius R about station S. Then the height at station S is given by where -VH is the gradient of E?, and Gs=dxi+dyj; the integration of the.height gradient is over the straight-line path between stations i and S (fig. 5 ). The integral in equation (4) is evaluated numerically.
With the geostrophic assumption, the integral can be written (5) where f = 2 w sin 4, u and v are the horizontal wind components, and g is the gravitational acceleration. The integrations are with respect to latitudinal and longitudinal earth distance. Since all computations are made relative to the specified grid, the earth distances are transformed into grid distances by the relationships dX= u* mdx = u-'dx (64. M e r i d a G u a n t a n a m o G r a n d Caymen S a n t o Doming0 S a n J u a n where m is the map scale factor, and u*=cos 22.,li0/cos 6 The ith estimate to the height at station S is given by (d=latitude) is the map projection transformation,
-.
Equation (5) then becomes
Hs,=Ht + AH
x* AH*=: J u>dx-E-J y e o j d y
(7)
The adjusted height HAS at station S is the weighted sum of the estimates H,,,
Using the wind data for the two stations in numerical evaluation of equation (7) the original height value for the station. Hs is included in the sum for two reasons: ( 1 ) for small radii R, the smoothing circle about a station may not contain other stations from which height estimates can be computed, and (2) in most cases the height value reported by a station is itself an excellent estimate.
The form of the weight W$ in equation (10) is where D, is the distance between station S and station i. cause of the lack of data, no discrimination is made on the basis of the relative positions or density of stations falling within a circle of influence.
A number of smoothing passes are made over the grid.
The value of R is increased after m(R) scans, where m(R)
was selected on the basis of the change of height estimate per scan. For each value of R, the current scan uses the adjusted heights computed during the previous scan. The initial scan, however, uses the original height data.
The final smoothed height value for station S is then given by Hm=C i CiH*12,/C i c, ( 
12)
With ~t small initial scanning radius R1, the adjusted height HAR1 is either the original height (when no other stations fall within the circle) or one computed from data from close-in stations. In the latter case, the height increment approximation AH is probably the most accurate estimate obtainable under the assumptions used in deriving equation (8). Table 2 shows the effect of the smoothing process on one set of height data with R1=1.5, R2=2.5, and R3=4.25 grid increments. The Further experiments with other situations, however, pointed out several analysis deficiencies 1 (1) there was disagreement of the derived flow patterns with the re-ported winds, and (2) the height gradients did not agree with the gradients in the reported heights. Several attempts were made to improve the analysis by including the wind reports in residual equations. The quantities minimized included either a measure of hhe component of wind along the height gradient (equation (14)), or the deviations of the reported wind from the wind implied by the height field (equation (15) is that the wind field exhibits more horizontal variation than that allowed by the polynomial form prescribed for the height field. Table 3 summarizes the results of tests made with equation (15); an increase in the weighting coefficient B2 produced more smoothing of the height field which is signified by an increase in the root-meansquare error (RMSE). I n all cases the smallest RMSE is associated with Bz=O. On the basis of these tests it was decided that the wind reports can not be used advantageously in the manner outlined above.
Since the wind reports provide 2r extra pieces of information, along with the S height reports, a method for using the wind data preliminary to the least-squares fitting process WBS devised. The method eliminates the need for "control" point data (which tend to damp the analysis), provides for a better agreement between the winds and the height field, and extends the analysis into data-void regions in a systematic manner which is similar to conventional techniques.
From the geostrophic relationship, the height report for a station is extrapolated out from the station by use of the relationships,
where f = 2 w sin 4, u and are the reported wind components, g is the gravitational acceleration, and Ay, Ax are the distances to be extrapolated latitudinally and longitudinally, respectively. Hence, a ('generated"
height H E for a point Ay units north of a station having a reported height H, is given by By this means, the data distribution is altered from a systematic scatter along the grid diagonal to a quasiuniform distribution over most of the grid. For each reporting station, a "star" of generated data points was subjectively selected. The number of points generated per station was taken as a function of the local density of actual observations. The "star" points are positioned at one-half grid intervals on the latitude and longitude lines which pass through the station. Only in extreme data voids are heights extrapolated farther than 5" from the station ( fig. 7) . fig. 2) was expended to the current one when a computer having a 32,768-word memory became available). The number of data available for the surfacefitting process is increased by an order of magnitude and the distribution is more favorable for fitting the interpolation polynomial.
The observed heights have more importance than the generated data; therefore, a set of weights was chosen empirically for the data such that the actual heights receive the largest weight. The generated data are assigned lesser weights which are a function of the extrapolation distances Ax, Ay. The least weight is given t o the data generated at the largest distance from a station.
The new quantity minimized was where W , is the weight associated with the ith "observation", and s is now the total number of points used, i.e., the sum of the number of original height observations and the number of generated heights. The analyses obtained using the "star" data are considerably better than those obtained by using only the original reports. This results from the fact that the winds are included in the analysis through the generation of the "star" data.
From the smoothed height values HFs and the generated star" data, the coefficients for the height interpolation polynomial are computed by minimizing Q* given by equation (19). Analyses for several pressure surfaces were performed while varying the degree n of the polynomial (equation (2)) from 4 to 7. For each analysis the RMSE (computed a t the reporting stations only) decreased when n was increased (table 4). Although higher-degree polynomials give smaller RMSE, they also produce surfaces which can have unrealistic variations between stations. For this reason, small RMSE does not imply that the generated polynomial surface is the most satisfying one. The final choice of n(=6) was based on both the RMSE and synoptic representativeness of analyses for a series of cases which included several pressure surfaces and a number of Werent synoptic situations.
The polynomial surfaces produced by the above described method represent the synoptic scale meteorological patterns reasonably well. However, further improvement is obtained by using a Cressman type iteration with the least-squares generated surface used as the first guess field. In a series of scans over the grid, the height value at a grid point is adjusted by recomputing a value which is partially dependent on the height and wind data of stations which lie within a specified circle of radius R centered on the grid point. The adjusted grid point height at scan i, using circles of radius R,, is given by Here, Hig-') is the adjusted grid-point value from the previous scan, W:f' is the weight given the previous 
THE FINAL WORKING SYSTEM
For a synoptic time, the following procedure produces objectively analyzed pressure height on any of 20 isobaric surfaces a t 50-mb. intervals starting at 1000 mb.
(1) All upper-air data for stations within and contiguous to the grid area are put on punched cards for input t o the preprocessing (ADP) paogram. At each station, ADP checks for vertical consistency of the radiosonde data, merges the upper wind reports (if any) with the winds given by the radiosonde message, interpolates and computes the desired meteorological parameter values for each of the 20 isobaric surfaces, and assigns the transformed space coordinates to the station. A magnetic tape record is made which contains this information stratified according to level (ADP tape).
(2) Data for one isobaric surface are read from the ADP tape. Jordan's [7] mean height is assigned t o stations which have a wind report only. By means of the wind data, the reported height values are smoothed in several iterative passes over the grid with scanning radii of 1.5, 2.5, and 4.25 grid increments. The final smoothed height is computed from equation (12).
(3) The "star" data are generated from the station data from equations (17a), (17b), and (18).
(4) The augmented height data are used to obtain a least-squares fit polynomial surface of degree n=6 by minimizing &* in equation (19). A weight of 16 is assigned to the station height, a weight of 4 is assigned to the generated height values which -are one-half a grid interval away from the station ( fig. 7 ) , and a weight of 1 is assigned to the remaining generated heights.
( 5 ) Grid-point heights are computed from the derived interpolation polynomial. These values are adjusted on the basis of the station data in a series of scans over the grid by the use of equations (20) and (21), and scanning radii of 4.25, 2.5, and 1.5 grid increments. Wy) (equation (20)) is assigned the corresponding values of 2, 1.5, and 1. Equation (22) is used t o smooth the adjusted grid-point values after scans one and two. The smoothing coeficient v is given the value 0.10. The surface resulting from the third modification scan is taken t o be the objective analysis of the isobaric surface.
RESULTS
Objective analyses of pressure height data for several synoptic map times are presented in figures 9 through 18 along with the corresponding conventional subjective I analyses. Tables 5 through 14 contain the input and comparative data for these analyses. The cases chosen for presentation were selected because of interesting synoptic-scale features present during the time period. Analyses performed for other times, when the atmosphere was less active, gave even better results.
All objective techniques are limited by the quantity of data available. At the time of this report, computer limitations prevented the use of all of the available aircraft and ship reports. A limited ncmber of these data were used for several of the objective analyses presented here (see tables 5, 8, and 10) ; the inclusion of all available data in the objective analysis would strengthen the representation of the synoptic scale features.
The conventional analyses shown here are not consensuses of opinion as to the ((true" state of the atmosphere. They represent the efforts of B single skilled analyst. Close examination of the plotted data wdl show many areas of analysis which are open to re-interpretation. Also, aircraft wind data and ship reports, not available to the objective technique, have been used to supplement the subjective analyses. Tables 9-14 show two values of root-mean-square error (RMSE). The first was based on the differences between the smoothed input data and the station values given by the polynomial. The second was computed from the objective analysis and was based on the differences between the smoothed input data and values interpolated a t the stations from the grid-point data. A nine-point fmite difference form of the truncated Taylor's expansion of a function of two variables was used for the interpolation. . 11, table 7) . The positioning of the major synoptic systems is basically the same on both analyses.
HEIGHT ANALYSES FOR
The OA placed a low center to the southeast of Kingston (table 8). In general, the contour patterns a t this pressure level are very complex and are difficult to draw, either objectively or subjectively . 250 mb. (fig. 12, table 8) . 13, table 9 ). There is exceptionally good agreement in the analyses, especially in the Gulf of Mexico-Florida peninsula areas. Again, the extreme southwestern corner of the objective analysis reflects the complete lack of data in this area.
As with the 850-mb. analyses, the 700-mb. analyses agree remarkably well. The objective analysis in the Gulf area is based on data from Merida (644), Burrwood (232), and three RECCO reports east of the storm, which explains the height gradients in the region of hurricane Hilda.
200 mb. C$g. 15, table 11). Considering the complexity of the pattern in the height field, along withthe paucity of data (24 reporting stations within the grid area), the objectively produced analysis gives a good presentation of the synoptic features. The spurious high values (OA) between Charleston (208) and Bermuda (016) are a result of the Hatteras (304) data being extrapolated southward. The analysis (SA) south of Bermuda (016) There is good indication of the presence of hurricane Carla in the western Gulf of Mexico. The trough over Cuba and the Bahamas is positioned correctly but with somewhat less amplitude than that given on the conventional analysis. I n response to the data at Santo Doming0 (485) and San Juan (526), the OA has placed a weak trough over Puerto Rico and indicated troughing northeastward from Panama. 500 mb. ( j i g . 17, table 13 ). The objective analysis shows the Low centered over San Salvador (089), but with less amplitude than that analyzed subjectively. The SA analysis of the High centered over the Leeward Islands is questionable. The OA treats it as a ridge extending out from the High centered northwest of Bermuda (016).
On the OA, the presence of hurricane Carla in the Gulf of Mexico is indicated by low height values to the southwest of Burrwood (232). Again, the extreme souilhwest (OA) is doubtful because of the data void.
As with the 500-mb. objective analysis, the Low over the Bahamas is positioned correctly but with less amplitude than indicated by the subjective analysis. I n general, the objective analysis has good positioning of the major synoptic features and gives slightly more detail thgn the subjective analysis. The OA analysis over northern South America is a reflection of the data from Bogota, Colombia ( 2 2 2 ) (see table 14), and may be questionable.
SO0 mb. ($g. 18, table 14).

CONCLUSION
The objective analysis technique described in this repori gives pressure-height analyses which are comparable to the conventional subjective analyses of an experienced analyst. The method does not require the specification of an initial guess at the grid points. A first guess is generated with an interpolation polynomial which is derived from the actual height and wind reports. The two principal methods oi objective analysis discussed in the literature are utilized : (1) the least-squares fitting of the data t o obtain an interpolation function, and (2) the iterative-correction process. In addition, a systematic method for extending the analysis into sparse data regions is employed.
Prior t o the determination of the interpolation polynomial, the height data at stations are adjusted (smoothed) so that the height gradients between contiguous stations are consistent with the reported winds. The adjusted heights are then extrapolated into data voids by using the reported winds to approximate geostrophic height gradients. This provides a distribution of heights which is relatively uniform over the region of analysis and which, therefore, facilitates the derivation of the interpolation polynomial. The polynomial describes the height data reasonably well. Subsequent iterative-correction modifications of the Cressman type serve to enhance the representativeness of the objective analysis. Only in extreme data voids (regions having a centroid extremely distant from data reporting stations) are the resulting analyses non-representative.
On the basis of the experiments carried out during the development of the analysis method described in this report, it is concluded that a significant improvement in low latitude analysis, objective or subjective, can be effected only by significantly expanding the existing data-reporting network.
